Abstract. Eucalyptus is a genus that occurs in a range of habitats in Australia, Papua New Guinea, Timor, Sulawesi and the Philippines, with several species being used as sources of timber and fibre. However, despite its ecological and commercial significance, understanding its evolutionary history remains a challenge. The focus of the present study is the green ashes (subgenus Eucalyptus section Eucalyptus). Although previous studies, based primarily on morphology, suggest that the green ashes form a monophyletic group, there has been disagreement concerning the divergence of taxa. The present study aims to estimate the phylogeny of the green ashes and closely related eucalypts (37 taxa from over 50 locations in south-eastern Australia), using genome-wide analyses based on Diversity Arrays Technology (DArT). Results of analyses were similar in topology and consistent with previous phylogenies based on sequence data. Many of the relationships supported those proposed by earlier workers. However, other relationships, particularly of taxa within the Sydney region and Blue Mountains, were not consistent with previous classifications. These findings raise important questions concerning how we define species and discern relationships in Eucalyptus and may have implications for other plant species, particularly those with a complex evolutionary history where hybridisation and recombination have occurred.
Introduction
Eucalyptus L'Hér. (Myrtaceae) is a highly diverse genus encompassing more than 700 species distributed across Australia, Papua New Guinea, Timor, Sulawesi and the Philippines (Smith et al. 2003; McKinnon et al. 2008; Wilson 2011) . Over 98% of species within the genus are endemic to Australia where they are the dominant or co-dominant component of many vegetation types (Potts and Wiltshire 1997; Hager and Benson 2010) . Eucalyptus is also commercially important, with many species (such as Eucalyptus grandis W. Hill, E. globulus Labill. and E. tereticornis Sm.) being grown around the world as sources of timber and fibre (Eldridge et al. 1993; Grattapaglia et al. 2012) . Eucalypts are considered Gondwanan in origin (Crisp et al. 2011; Gandolfo et al. 2011; Hermsen et al. 2012; Thornhill and Macphail 2012) , forming a minor part of Tertiary Australian rainforests (Hill 1994; Hager and Benson 2010) . Macrofossil evidence suggests that the distribution of eucalypts expanded in response to increasing aridity during the Miocene, and pollen evidence indicates that they became widespread only in the Pleistocene (5-1.5 million years ago; Pole et al. 1993; Rozefelds 1996; Potts and Pederick 2000; Macphail 2007 ). Many present-day eucalypt species complexes are thought to be the result of recent and ongoing speciation (McKinnon et al. 2004; Byrne 2007; Yeoh et al. 2013 ). Morphological differences among species are often narrowly defined (Hill 1991) , and clinal variation and morphological convergence between taxa are common (McKinnon et al. 2004) . Defining species boundaries is further complicated by interspecific hybridisation, often between distantly related taxa (Griffin et al. 1988; Rossetto et al. 1997; McKinnon et al. 2001; Field et al. 2011a Field et al. , 2011b Steane et al. 2011; Pollock et al. 2013 Pollock et al. , 2015 . As a result, understanding evolutionary relationships in Eucalyptus, particularly between closely related species, remains a major challenge.
The focus of the present study is the green ashes in subgenus Eucalyptus section Eucalyptus A (Brooker 2000) . The green ashes are characterised by alternate juvenile leaves, adult leaves with moderate to no reticulation, pedicellate buds, reniform anthers and brown to red-brown seeds (Brooker 2000) . They are found in a range of habitats in south-eastern Australia, with some species occurring as trees in tall forests on fertile soils and others as small trees or mallees on shallow soils on sandstone (Ladiges et al. 2010) . Thirteen species were recognised by Brooker (2000) , including Eucalyptus regnans (the tallest flowering plant in the world, up to 100 m tall), the timber species, E. obliqua and E. fastigata, and the mallee, E. cunninghamii, which is often less than 1 m in height (Fig. 1 ). Of these, nine are rare, restricted or localised (e.g. E. paliformis is known from only seven populations in Wadbilliga National Park, Prober et al. 1990 ). Previous studies, based primarily on morphology, suggest that the A B C D Pryor and Johnson (1971) is E. stricta subsp. obtusiflora in Ladiges et al. (1989) and E. obstans in Hill (1991 Hill ( , 2002 . Eucalyptus obtusiflora var. dendromorpha in Pryor and Johnson (1971) is E. dendromorpha in Ladiges et al. (1989) , Hill (1991 Hill ( , 2002 and Brooker (2000) , whereas E. rupicola in Ladiges et al. (1989) is E. cunninghamii in Hill (1991 Hill ( , 2002 and Brooker (2000) . Eucalyptus spectatrix, E. obstans, E. laophila, E. codonocarpa and E. microcodon, which are recognised by Hill (1991 Hill ( , 2002 , are not recognised by Brooker (2000) . Brooker and Kleinig (2006) and Slee et al. (2006) considered E. spectatrix to be E. stricta, E. laophila to be E. apiculata, E. obstans to be E. burgessiana and E. codonocarpa and E. microcodon included within E. approximans Pryor and Johnson (1971) Ladiges et al. (1989 ) Hill (1991 , 2002 Brooker (2000) Subgenus Hill (1991 Hill ( , 2002 were not recognised by Brooker (2000) (Fig. 2) . In the green ashes, Brooker and Kleinig (2006) and Slee et al. (2006) considered E. obstans to be a coastal variant of E. burgessiana, E. spectatrix to be a southern outlier of E. stricta, E. laophila to be a synonym of E. apiculata, and include both E. codonocarpa and E. microcodon within E. approximans subsp. codonocarpa. Many of these species are very similar morphologically and are difficult to distinguish in the field (Lassak and Southwell 1982; Ladiges et al. 1989) . Consequently, although much effort has gone into the systematics and classification of this group, the ranking of taxa and the nature of the relationships among species remain uncertain. Over the past two decades, molecular methods have become increasingly important in resolving questions concerning evolutionary relationships among taxa. The development of sequence datasets has enhanced our understanding of relationships between eucalypt genera and major subgenera (e.g. Udovicic et al. 1995; Steane et al. 1999 Steane et al. , 2002 Udovicic and Ladiges 2000; Whittock et al. 2003; Parra-O. et al. 2006 Parra-O. et al. , 2009 Ochieng et al. 2007b) . However, although standard DNA markers have successfully been used to resolve relationships at higher taxonomic levels within Eucalyptus, these have generally been unsuccessful in resolving relationships among closely related species (McKinnon et al. 2008) . Most phylogenetic studies use sequence data from only a single or few regions of the genome (e.g. chloroplast DNA) and are not sufficiently variable in closely related species (e.g. Steane et al. 1998) . There are also problems associated with using sequence data from some regions of nuclear DNA (e.g. ITS and ETS) in eucalypts because of the functional constraints imposed on neutral change of nucleotides during evolution (Bayly and Ladiges 2007; Ochieng et al. 2007a; Bayly et al. 2008) . Marker systems theoretically representing the whole genome, such as microsatellites and amplified fragment length polymorphisms (AFLPs), have been used to overcome some of these issues (Steane et al. 2011) . However, although microsatellites have moderate levels of throughput, and are highly polymorphic and transferable across populations, their transferability across species is sometimes poor (Rossetto et al. 2000; Semagn et al. 2006) . The genotyping density obtained even with AFLPs is only hundreds of markers per sample and because it is a gel-based technique, it is comparatively labour intensive (Sansaloni et al. 2010) .
With the advent of next generation sequencing (NGS), analytical approaches that have wider genome coverage have been developed. Bayly et al. (2013) used whole chloroplast genome sequences to construct a phylogeny of 39 eucalypt species, with many branches having 97-100% bootstrap support. Another technique that has recently been used in Eucalyptus is Diversity Arrays Technology (DArT) (Hudson et al. 2012) . DArT is a microarray hybridisation-based technique that simultaneously assays hundreds to thousands of markers across the genome (Jaccoud et al. 2001; Sansaloni et al. 2010; Kullan et al. 2012) . Steane et al. (2011) used over 8000 DArT markers (primarily nuclear) to construct a phylogeny of Eucalyptus, where relationships among higher taxa were generally concordant with traditional taxonomy and ITS-based phylogenies, with high resolution within major clades (including between some closely related species) relative to previous techniques.
Although several green ash taxa (e.g. Eucalyptus regnans, E. obliqua, E. triflora) have been included in molecular Phylogenomics of green ashes Australian Systematic Botanyphylogenies over the past 10 years (Bayly and Ladiges 2007; Steane et al. 2011; Bayly et al. 2013) , there has been no broader study of the green ash eucalypts using these more advanced techniques. Prober et al. (1990) used allozyme data to investigate diversity in the green ashes, and this revealed low differentiation among taxa and many relationships that were not consistent with those derived from morphological characters. Although the green ashes are widely distributed in south-eastern Australia, they are particularly diverse in the Sydney region and Blue Mountains (the latter was listed as a World Heritage Area partly because of its eucalypt diversity (Hager and Benson 2010) . Within this area, the green ashes are distributed across a range of environments and occur sympatrically with other closely related eucalypts, such as blue ashes (including scribbly gums), black sallies, stringybarks and peppermints (sections Cineraceae, Longitudinales, Capillulus and Aromatica respectively; Brooker 2000) . The distribution of taxa in this heterogeneous environment, therefore, provides a unique opportunity for using more recent genomic techniques to address specific evolutionary questions concerning the green ashes and closely related taxa. Our objective was to estimate the phylogeny of the green ashes using DArT markers, so as to resolve relationships within the green ash group and between the green ashes and other taxa in subgenus Eucalyptus. Therefore, we aimed to address the following questions: (1) do the green ashes form a monophyletic group, (2) is there evidence of hybridisation among taxa, (3) are phylogenetic relationships of the green ashes and closely related taxa consistent with previous classifications (primarily based on morphological characters), and (4) are phylogenetic relationships correlated with geography and substrate?
Materials and methods

Sampling of taxa
Leaf material was collected from all taxa assigned to the green ash group by the major authorities (Pryor and Johnson 1971; Ladiges et al. 1989; Hill 2002; Brooker 2000) . Table 2 lists the species sampled, following the species concepts of Hill (2002) . For most of these species, more than one individual was sampled from multiple locations. So as to sample across the diversity and geographic range of the group, we collected from 44 locations between southern Queensland and Victoria (Fig. 3) . Locations of green ash taxa and habitat details were obtained from the National Herbarium of New South Wales database (Royal Botanic Garden Sydney) and Benson and McDougall (1998) (full accession details are listed in Appendix 1; habitat details, and latitude and longitudes are provided in Appendix 2). During the sampling, several new populations of green ash taxa (e.g. Eucalyptus stricta) were discovered and included. In addition, closely related co-occurring taxa in subgenus Eucalyptus (sections Aromatica, Capillulus, Cineraceae and Longitudinales) were sampled (often from more than one individual per species from different locations). Eucalyptus cloeziana (subgenus Idiogenes) was included as an out-group to subgenus Eucalyptus on the basis of previous studies (Sale et al. 1993; Hill and Johnson 1995; Ladiges et al. 1995; Steane et al. 1999; Udovicic and Ladiges 2000; Steane et al. 2011 
DNA isolation
Total genomic DNA was extracted from samples using a CTAB protocol modified from Doyle and Doyle (1990) . A total of 1-1.5 g of leaf material per sample was ground under liquid nitrogen and the following modifications were made: (1) 2-mercaptoethanol was replaced by sodium metabisulfite (0.5%); (2) addition of sorbitol (0.35 M), polyvinylpyrollidone (4%) and sarcosyl (5%) to the CTAB isolation buffer; and (3) DNA was purified using a Zymo-Spin I-96 Plate and the ZR-96 Clean and Concentrator Kit (Zymo Research Corporation, CA, USA). DNA quality of each sample was tested by restriction of 2 mL of DNA with 3 mL of the restriction endonuclease, RsaI (New England Biolabs, Irvine, CA, USA), and digests were visualised on a 1.0% agarose gel. DNA concentrations were measured using a Qubit 2.0 Flourometer (Invitrogen, Melbourne, Vic., Australia) and each sample was made up to between 400 and 1000 ng of DNA (targeting a concentration of 50 ng mL -1 ). Samples were sent to Diversity Arrays Technology Pty Ltd (Canberra, ACT, Australia) for genotyping, using the microarray platform developed by Sansaloni et al. (2010) .
Phylogenetic analysis of DArT markers
The DArT microarray genotyping platform produces a binary output showing the marker name, its presence or absence in each sample and statistics regarding the quality and reliability of each marker. The DArT dataset produced for the present study consisted of a total of 2702 presence or absence markers. Phylogenetic trees were constructed using parsimony, Bayesian and distance analyses. To ensure that only the higherquality markers were used, markers with a call rate below 90% and reproducibility less than 100% were removed from the dataset (leaving 1780 markers). Maximum parsimony (MP) analyses were conducted in PAUP 4.0 b10 (D. L. Swofford, Sinauer, Sunderland, MA, USA). The MP analysis was performed with a heuristic search using 1000 random addition sequences and tree bisection and reconnection (TBR) branch swapping (characters were equally weighted, gaps were treated as missing and character states were unordered). Bootstrapping for the MP analysis (branch lengths shown) comprised heuristic searches and 1000 replicates. Bayesian analyses were conducted in MrBayes 3.2.4 (Huelsenbeck and Ronquist 2001; Ronquist and Huelsenbeck 2003; Ronquist et al. 2012 ) using a restriction site (binary) model of evolution and default priors. The final analysis was run for 150 million generations sampling every 1000 generations, with two parallel runs each with four chains (three hot and one cold). Convergence was considered reached on the basis of the standard deviation of split frequencies (<0.01) and the first 25% of trees were discarded as burn-in.
Diversity Arrays Technology (DArT) datasets are considered to follow a Dollo model of evolution (because it is much easier for a DArT marker to be lost than gained; Woodhams et al. 2013) . Although Dollo data have been traditionally analysed using parsimony methods (Le Quesne 1974; Farris 1977) , it is well known that parsimony does not take into account branch-length information (Woodhams et al. 2013) . Therefore, a distance-based phylogenetic approach, which implements the Dollo model of evolution, was used in the present study. A distance matrix of the DArT data (Partitioned Additive Dollo Distance, or PADD) was calculated following the method outlined by Woodhams et al. (2013) and a tree found by minimum evolution in FastME (Desper and Gascuel 2002; Lefort et al. 2015) . Branch support was obtained using a bootstrap analysis in PAUP 4.0 b10 (D. L. Swofford). This comprised a heuristic search and 1000 replicates (under the minimum-evolution criterion). Nexus files containing the raw data and all tree files are available on TreeBase at http://purl.org/phylo/treebase/phylows/study/TB2: S18461 (accessed 9 November 2015).
Relationship networks based on the full DArT dataset (2702 markers) were generated in SplitsTree4 (version 4.13.1) (Huson 1998; Huson and Bryant 2006) using the default settings of the software. Relationship networks are implicit representations of evolutionary history that are used to represent agreement and incompatibilities in the dataset (Huson and Bryant 2006) . Therefore, use of the full DArT dataset for these analyses was considered appropriate. In a relationship network, the parallel edges indicate splits in the data and allow samples to be assigned Table 2 for location details). Maps generated using Atlas of Living Australia (2015) and Australia's Virtual Herbarium (2015) .
to groups, with the longer lines suggesting more support for that particular split (Huson and Bryant 2006) . Relationship networks are an effective way of depicting the character conflicts of DArT markers and allow the complexity of the datasets to be visualised (Steane et al. 2011) .
Reconstruction of ancestral states and character evolution
To examine patterns and variation in morphology, ancestral reconstructions were performed on the following diagnostic traits: (1) habit (mallee or tree) and (2) leaf width. These parameters were chosen as they are considered important when identifying species in subgenus Eucalyptus in the classifications of Brooker (2000) and Hill (2002) . Leaf width was measured at the widest point (following the method of McGowen et al. 2001 ) from five random leaves per voucher specimen to the nearest millimetre, with a digital Vernier calliper (Kincrome, Melbourne, Victoria, Australia). For Eucalyptus microcodon and E. williamsiana, vouchers from the same population were used for leaf-width measurements (because of the unavailability of leaves from the samples used for DNA analysis). Categories for leaf length and leaf width have not been standardised in eucalypts. However, in the treatment of Hill (2002), E. stricta is described as narrow-leaved (with leaves <10 mm wide), whereas E. burgessiana is described as broad-leaved (leaf width >15 mm). Therefore, the categories used here for leaf width were based on the descriptions of Hill (2002) and divided into narrow (<10 mm), intermediate (10-15 mm) and broad (>15 mm). The contribution of two environmental variables (altitudinal zone and substrate) to the evolutionary diversification of taxa was also investigated. Altitudinal divisions followed the zones defined by Turak et al. (2011) and were classified as follows: coastal and lowland (0-235 m), upland (235-1065 m) and highland (!1065 m). The substrate observed (sandstone, granite, basalt or rhyolite) was recorded per sample at each site at the time of collection of leaf material for DNA analysis. Ancestral reconstructions of each morphological and environmental parameter were traced onto the Bayesian phylogenetic tree by using MP reconstructions in the Mesquite software package v. 3.03 (W. P. Maddison and D. R. Maddison, see http://mesquiteproject.org). The character data matrix is presented in Appendix 2.
Results
Phylogenetic analysis of DArT markers
The DArT dataset used to produce phylogenetic trees (comprising 1780 markers) consisted of 76 samples (representing 37 taxa), with the proportion of missing data for most samples being less than 5%. Five samples had 5-10% missing data, whereas Eucalyptus regnans had the highest proportion of missing data (22%). The overall topology and groupings of taxa produced from all analyses were similar. The MP analysis recovered two trees, each with a tree length of 15 909, consistency index (CI) of 0.11, and retention index (RI) of 0.34. Of the 1780 markers in the dataset, 1695 were parsimony informative. The strict consensus tree had 74 nodes, 28 of which had bootstrap support (BS) greater than 50% (Fig. 4) . Eucalyptus piperita (section Cineraceae) from two locations (Hilltop and Kings Tableland) was sister to the remainder of the taxa in subgenus Eucalyptus (although E. piperita did not form a monophyletic group). The stringybarks (section Capillulus) formed a monophyletic group (84.9% BS), which was sister to a clade comprising the green ash tall trees, E. regnans, E. obliqua and E. fastigata. Eucalyptus regnans and E. obliqua formed a clade (81.7% BS). The clade comprising the stringybarks and the green ash tall trees was sister to the remainder of the blue ashes (section Cineraceae), black sallies (section Longitudinales), the peppermint (section Aromatica) and the majority of the green ashes. The remainder of the blue ashes (apart from E. consideniana from Nowra) formed a monophyletic group comprising three main clades. 
piperita).
Bayesian analyses produced a phylogeny with 70 nodes, 49 of which had Bayesian posterior probability (PP) greater than 0.95 (Fig. 5) . As in the MP analysis, E. piperita from Hilltop was sister to the remainder of taxa in subgenus Eucalyptus, and the green ash tall trees (E. regnans, E. obliqua and E. fastigata) formed a clade separate from the other green ashes (PP: 0.99). In contrast to the MP analysis, the remainder of the blue ashes were not monophyletic. However, as with the MP analysis, E. luehmanniana and E. oreades formed a monophyletic group (PP: 1), as did samples of E. multicaulis, E. sieberi and E. stenostoma (PP: 1). The remainder of the green ash taxa formed a clade with the black sallies and E. radiata (section Aromatica). This clade was split into the same two main groups as in the MP analysis. However, in contrast to the MP analysis, E. apiculata from Hilltop was grouped with E. spectatrix from southern New South Wales and the majority of green ash taxa from the Sydney region and GBMWHA (PP: 1). Also, unlike the MP analysis, all the E. burgessiana samples formed a monophyletic group (PP: 0.97); the E. langleyi samples used formed a monophyletic group (PP: 0.99); and the blue ash from Nowra, E. consideniana, was not grouped with E. langleyi, but was in a clade with the rest of the blue ashes.
The minimum evolution tree produced in FastME from the PADD data had 74 nodes (38 of which had BS greater than 50%, Appendix 3). In contrast to the Bayesian and MP analyses, the two E. piperita samples were monophyletic (63.9% BS). Also, unlike the Bayesian and MP analyses, the Table 2 (Column 6). Series and subseries (Brooker 2000) within the green ashes are shown: series Regnantes (R), Eucalyptus (E), Strictae subseries Regulares (SR), Strictae subseries Irregulares (SI) and Contiguae (C). Node numbers represent bootstrap values greater than 50 %.
stringybarks were sister to the remainder of taxa in subgenus Eucalyptus. However, the groupings of most taxa in this tree were similar to those in the Bayesian and MP trees. For example, as with the Bayesian and MP analyses, the green ash tall trees (E. regnans, E. fastigata and E. obliqua) were separate from the remainder of the green ashes (which formed a clade comprising the same two major groups). As in the Bayesian tree (but unlike the MP analysis), E. apiculata from Hilltop was sister to E. spectatrix and the green ashes from the Sydney region and GBMWHA. However, in contrast to the Bayesian tree (but like in the MP analysis), E. consideniana from Nowra was grouped with E. langleyi and E. dendromorpha from Princes Rock track (Wentworth Falls). Like in the Bayesian tree and unlike the MP tree, all samples of E. burgessiana were monophyletic.
Two relationship networks were generated using SplitsTree4, one including all taxa in subgenus Eucalyptus and the other comprising the green ash taxa only. In the relationship network comprising all samples, taxa formed the same broad groups as in the MP, Bayesian and PADD analyses (Appendix 4). The relationship network comprising the green ash taxa only (Fig. 6 ) was also largely in agreement with the MP, Bayesian and PADD analyses, and allowed geographic differentiation among taxa to be visualised (with the clustering of northern New South Wales and southern Queensland taxa and the clustering of southern New South Wales and northern Victorian taxa). The taxa from the Sydney region and GBMWHA generally clustered together, although Eucalyptus spectatrix from southern New South Wales was nested within this group (as indicated by all phylogenetic analyses). As with . Bayesian 50 % majority consensus tree (based on 1780 Diversity Arrays Technology (DArT) markers) of the green ashes (section Eucalyptus) and other taxa in subgenus Eucalyptus: black sallies (section Longitudinales), blue ashes (including the scribbly gums, section Cineraceae), peppermints (section Aromatica) and stringybarks (section Capillulus). Eucalyptus cloeziana (subgenus Idiogenes) is the outgroup. Sample codes correspond to those in Table 2 (Column 6). Series and subseries (Brooker 2000) within the green ashes are shown: series Regnantes (R), Eucalyptus (E), Strictae subseries Regulares (SR), Strictae subseries Irregulares (SI) and Contiguae (C). Node values are Bayesian posterior probability (PP) values.
the Bayesian and PADD phylogenies, and in contrast to the MP analysis, E. apiculata from Hilltop was grouped with the other green ash taxa from the Sydney region and GBMWHA.
Reconstruction of ancestral states and character evolution
Overall, the Bayesian analysis produced a phylogeny that was most consistent with the current taxonomy of subgenus Eucalyptus (Brooker 2000) . In the MP tree, E. apiculata from Hilltop was separate from the other green ashes and closer to the blue ash, E. piperita. Similarly in both the PADD and MP analyses, the blue ash, E. consideniana, from Nowra, was grouped close to the green ash, E. langleyi. Therefore, the Bayesian topology was selected for ancestral reconstructions.
The distribution of growth habit showed a marked dichotomy in the Bayesian 50% majority consensus phylogeny (Fig. 7) . The deeper diverging clades of the phylogeny (and the ancestral habit of the green ashes) was reconstructed as the tree form. Eucalyptus luehmanniana and E. multicaulis represented the only change to mallee form in the blue ash group and E. deuaensis was the only change to mallee form in the stringybark group. Within the clades comprising the majority of mallees, there were very few reversions to the tree form. For example, E. triflora and E. dendromorpha (from Fitzroy Falls and Redhills Road) represented the only reversions to tree form in the clade comprising most of the Sydney and GBMWHA taxa. Patterns in leaf width were not as significant on the phylogeny as growth form, although narrow leaves appeared only in the green ash mallee group. Nevertheless, there were Table 2 (Column 6). Abbreviations: GBMWHA, Greater Blue Mountains World Heritage Area; NSW, New South Wales; Qld, Queensland; Vic., Victoria. Scale bar shows uncorrected P genetic distance equivalent to 0.01. many reversions in this group to intermediate and broad leaves. There was some correlation between clades on the Bayesian 50% majority consensus tree and environmental parameters. The majority of taxa studied occurred in upland habitats on sandstone, with some clades radiating into lowland and coastal habitats on sandstone (e.g. E. langleyi and E. luehmanniana) and other clades radiating into upland or highland habitats on granite (taxa from northern New South Wales, southern Queensland, southern New South Wales and northern Victoria). The green ash tall trees (E. regnans, E. obliqua and E. fastigata) differed from all other groups being a clade on basalt, as did E. deuaensis, which was the only taxon to occur on rhyolite.
Discussion
Phylogenetic relationships and the monophyly of the green ashes
Bayesian, MP and PADD analyses produced phylogenies with similar topologies and groupings of taxa. The phylogenies produced here were more resolved than were previous phylogenies of subgenus Eucalyptus using traditional one-region sequence data (e.g. Steane et al. 1999 Steane et al. , 2002 Bayly and Ladiges 2007 ). These findings demonstrate that phylogenetic analyses based on DArT markers can provide insights into evolutionary relationships among Table 2 (Column 6).
closely related species and groups that are taxonomically challenging. Although only a few taxa from the present study were included in more recent phylogenies, the relationships found here were generally consistent with the findings of Steane et al. (1999 Steane et al. ( , 2002 Steane et al. ( , 2011 , for the relationship of Eucalyptus obliqua and E. regnans) and Bayly and Ladiges (2007, for the close relationship of E. triflora, E. spectatrix and E. paliformis). The results from the present study support many of the relationships proposed by Ladiges et al. (1989) , Hill (2002) and Brooker (2000) . The clade comprising E. williamsiana, E. deuaensis and E. caliginosa is consistent with Brooker's (2000) section Capillulus and Hill's (2002) stringybarks, whereas the close relationship of E. regnans and E. fastigata, and the relationship of the E. approximanscodonocarpa-microcodon clade with E. cunninghamii and E. paliformis is congruent with Ladiges et al. (1989) and Brooker (2000) . In the present study, the green ashes (subgenus Eucalyptus section Eucalyptus) as circumscribed by Brooker (2000) did not form a monophyletic group. The separation of the green ash tall trees from the remainder of the green ashes is in contrast to Brooker (2000) and Ladiges et al. (1989) . The blue ashes (section Cineraceae) in the present study were polyphyletic, which disagrees with the classifications of Brooker (2000) and Hill (2002) . Similarly, the positions of the black sallies (section Longitudinales) and E. radiata were unexpected. The monophyly of E. cunninghamii from both locations, E. kybeanensis from all locations and E. luehmanniana from both locations support the species circumscriptions of Brooker (2000) . However, many taxa from different locations (e.g. Phylogenomics of green ashes Australian Systematic BotanyE. haemastoma and E. sclerophylla and the majority of green ashes from the Sydney region and GBMWHA) do not appear to fit into the species delimitations of Ladiges et al. (1989) , Hill (2002 ) or Brooker (2000 . Consequently, these results highlighted the need for a potential revision of the infrageneric ranking of the green ashes, blue ashes, black sallies and peppermints. The implications of the findings from the present study to the taxonomy and classification of subgenus Eucalyptus are discussed in further detail below.
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Gene flow and hybridisation
Some of the relationships found in the present study differed from a chloroplast genome study on eucalypts , in which E. obliqua and E. radiata formed a monophyletic group, and E. sieberi and E. elata also formed a monophyletic group with E. regnans, all within the 'Monocalypt' clade (=subgenus Eucalyptus). Numerous studies have highlighted the issue of incongruence between phylogenies based on chloroplast and nuclear DNA (e.g. Soltis and Kuzoff 1995; Kim and Donoghue 2008; Wang et al. 2011; Yu et al. 2013; Govindarajulu et al. 2015) and, therefore, differences between the findings of Bayly et al. (2013) and the present study (based on DArT markers, which are predominantly nuclear) are not surprising. McKinnon et al. (1999) found extensive sharing of chloroplast DNA haplotypes among sympatric species from subgenus Eucalyptus in Tasmania, which showed a clear correlation with geographic patterns rather than phylogenetic relationships. Consequently, analyses using uni-parentally inherited markers alone may confound phylogenetic reconstruction in groups that frequently hybridise Bayly and Ladiges 2007) . However, McKinnon et al. (2010) found that, although E. globulus and E. cordata maintained strongly differentiated nuclear gene pools, leakage of nuclear DNA did occur between the two species (although cpDNA sharing was much more extensive). In the present study, some of the relationships found were indicative of hybridisation and introgression between lineages. For example, in the PADD tree, the E. obstans sample from Jervis Bay was in a clade with E. langleyi (from which it is morphologically distinct but geographically proximate). In the MP and PADD analyses, one sample of the blue ash, E. consideniana, appeared in the same clade as E. langleyi from the same location (although it was grouped with the other blue ashes in the Bayesian phylogeny). Similarly, whereas the sample of E. apiculata from Hilltop was grouped with the other green ashes in the Bayesian and PADD trees, in the MP analysis it was separate from the remainder of the green ashes and closer to E. piperita. Comparisons made between this specimen and a specimen at the National Herbarium of New South Wales (Chippendale 1002, NSW327081) recorded as a likely hybrid between E. apiculata and E. piperita (from Berrima, which is geographically close to Hilltop) revealed similarities in leaf colour, shape and size. In addition, the fruit shape from the specimen used in the present study was more spherical, suggesting that it may be the result of hybridisation with E. piperita. Patterns of morphological variation and introgression of eucalypt species in Tasmania indicate that reticulate evolution occurred between divergent lineages during the Quaternary (McKinnon et al. 2004) , and Hager and Benson (2010) suggested that such processes are likely to have played a major role in the evolutionary history of the green ashes of the GBMWHA. Future studies should, therefore, use both chloroplast and nuclear genomes to explore the role that reticulate evolution may have played in the evolution of this group. Ecological and phenological studies (e.g. differences in flowering time) focussing on sympatric populations and taxa may also provide insights into patterns of gene flow and hybridisation.
Classification, morphology and the issue of misidentification
Historically, species within subgenus Eucalyptus have been difficult to identify because many of the subgroups have few obvious distinguishing synapomorphic morphological characters . The green ashes exemplify this, with the majority of species being distinguished on the basis of characters such as leaf length, leaf width, fruit size and bud size (characters that can be variable across large geographic areas). In the present study, those taxa that have notably distinctive morphological traits or are geographically isolated tend to form well supported clades. For example, E. cunninghamii is easily identified on the basis of its small, soft-textured, silvery-green leaves, E. kybeanensis is distinguished on the basis of its conical or hemispherical fruits and sessile buds, whereas the E. approximans clade (including E. codonocarpa, and E. microcodon) is geographically disjunct.
However, with the exception of E. cunninghamii, the morphological traits used for species identification in the Sydney region and GBMWHA (such as leaf length and width) often overlap between taxa (the ancestral reconstructions of leaf width in the present study highlighted such overlaps between taxa). Furthermore, previous studies have demonstrated that such morphological traits can be highly plastic. For example, in Nothofagus cunninghamii, it was found that although leaf length and width partially depended on genotype, there was a significant effect of environmental factors on morphology (leaves became smaller and thicker with increasing altitude, Hovenden and Vander Schoor 2004) . In the case of the green ashes, many taxa that are difficult to identify on the basis of morphology alone can be assigned to a particular taxon on the basis of geographical location. For example, E. laophila and E. apiculata from the GBMWHA are often distinguished on the basis of the elevation at which they occur (E. laophila is considered to occur at higher altitudes than is E. apiculata). Species definitions that are in large part based on geographical location have likely led to misidentifications, which is an obvious issue in phylogenetic reconstructions. Another problem with such taxa (which are synonymous in Brooker's (2000) classification) is that there is the possibility that they are the one highly plastic species that has been distinguished on the basis of morphological differences that are not useful in species delimitations. However, although some taxa from the present study (e.g. E. copulans and E. moorei) would become a monophyletic clade if re-labelled according to the classification of Brooker (2000), re-labelling samples used for other taxa (e.g. E. apiculata and E. laophila) does not make them monophyletic in the MP, PADD or Bayesian phylogenies. Many studies have highlighted the importance of comparing physiology and anatomy with phylogenetic information to better understand evolutionary diversification in both plants and animals (e.g. Ackerly et al. 2000; Garland et al. 2005; Hodson et al. 2005) . The relationship between genetic variation and physiological and anatomical traits of seedlings, juvenile and adult plants may, therefore, provide insights into the evolution of green ash taxa in the Sydney region and GBMWHA and should be the focus of future studies.
Geography, substrate and evolutionary models
Although the majority of taxa in the present study occupy upland habitats on sandstone, the ancestral reconstructions support the hypothesis of radiation of the green ashes and other taxa in subgenus Eucalyptus into a multitude of habitats, such as lowland and coastal habitats on sandstone, upland and highland habitats on granite, and upland habitats on basalt. There was also a correlation between habit and substrate (e.g. the tall green ash trees, Eucalyptus regnans, E. fastigata and E. obliqua, were found on basalt, whereas the smaller trees and mallees were found on sandstone or granite). The relationship networks in the present study indicated geographic structuring of many taxa and indicated that there is likely to be recombination, hybridisation and introgression. Previous studies have discussed the possibility that evolution in many eucalypts may not necessarily have been divergent (Chappill and Ladiges 1996; McKinnon et al. 2008) and that speciation in both plants and animals can occur during partial reproductive isolation (Wu 2001; Lexer and Widmer 2008; Mallet 2005) . Although more traditional evolutionary models assume a tree, it is well known that more complex evolutionary scenarios (such as rapid radiation and reticulate evolution) are poorly described by these models (Huson and Bryant 2006; Morrison 2014) . Phylogenetic networks, which allow horizontal reticulation events as well as vertical processes to be visualised, are increasingly being recognised as providing a more comprehensive picture of evolutionary history (Francis and Steel 2015) . In the present study, the relationship networks suggested a complex pattern of evolution in the green ashes and closely related eucalypts. The role of environmental parameters (especially substrate and soil type) in the evolutionary diversification of these groups should be investigated. A detailed population-genomic study targeting taxa in the Sydney region and GBMWHA will also be required to better understand the complexity of evolution in the green ashes and to clarify species boundaries.
Consequences for the classification of Eucalyptus subgenus Eucalyptus
The classification of Brooker (2000) and draft scheme of Nicolle (2015) are largely in agreement with regard to the groupings of species considered in the present study (see Appendix 5 for a direct comparison between the two classifications). The major difference is in the ranking; Brooker (2000) recognised several named sections, whereas Nicolle (2015) included the same species in a single section, section Eucalyptus, divided into several series, most of which correspond with Brooker's groupings. The analyses presented here suggest that some of these groupings should be revised. In the case of E. deuaensis, both Brooker and Nicolle placed this taxon in a series separate from series Pachyphloiae (Appendix 5), the stringybarks, but the MP, Bayesian and PADD trees clearly placed E. deuaensis within the stringybark group as sister to E. caliginosa. The series Psathyroxylon is supported as monophyletic if the monotypic series, series Stenostomae, is included. In all analyses, the sole species in this series, E. stenostoma, is consistently strongly associated (>99% BS, PP: 1) with some species of the subseries Considenianae. The position of E. consideniana itself is problematic, with the different analyses suggesting divergent affinities for the two accessions included, possibly as a result of gene flow from other species in subgenus Eucalyptus. The scribbly gums (E. haemastoma, E. sclerophylla and E. rossii), subseries Haemastomae, are well supported as monophyletic in the Bayesian analysis (PP: 1), with E. rossii indicated as sister to the other species (E. rossii is also sister to the other scribbly gums in the MP analysis, although not in the PADD tree).
All analyses indicated that series Strictae, as recognised by both Brooker (2000) and Nicolle (2015) , is not monophyletic and that the rank of the two included subseries should be revised because only subseries Irregulares sensu Brooker is monophyletic, whereas subseries Regulares is paraphyletic and not unambiguously sister to subseries Irregulares. The placement of E. cunninghamii differs between their classifications; both included it within series Strictae (Appendix 5), Nicolle included it in subseries Irregulares with E. stricta and its allies, whereas Brooker placed it in subseries Regulares with E. approximans and allied species. In the present study, all analyses (>70% BS, PP: 1) agreed with Brooker's placement. A member of Nicolle's subseries Regulares is E. kybeanensis, which Brooker considered to be a member of the monotypic series Contiguae. Here, also, the phylogeny supports Brooker's position; the three accessions of E. kybeanensis form a well supported clade sister to the peppermint, E. radiata, rather than to other taxa from subseries Regulares. A fourth species, E. paliformis, is included by both Brooker and Nicolle in series Strictae subseries Regulares. In this case, the MP and Bayesian analyses suggested that this species is sister to a clade that includes not only other members of subseries Regulares, but also the peppermint, E. radiata, and the black sallies. A fifth species, E. spectatrix, was not recognised by Brooker, but it was included in series Strictae subseries Irregulares by Nicolle. In all of our analyses, E. spectatrix received strong support as a distinct species, even though most other species, with the possible exception of E. langleyi (monophyletic in the Bayesian tree, but not in the MP and PADD analyses) and E. burgessiana (monophyletic in the Bayesian and PADD trees, but not in the MP analysis), did not appear monophyletic. Eucalyptus langleyi and other taxa from the Sydney region and GBMWHA are the focus of ongoing research (S. Rutherford, P. G. Wilson, M. Rossetto and S. P. Bonser, unpubl. data) .
Conclusions
Phylogenetic analysis of DArT markers recovered trees that were consistent with previous phylogenies of subgenus Eucalyptus based on sequence data, with many relationships supporting those from previous classifications. However, some relationships, particularly of taxa in the Sydney region and GBMWHA, were not consistent with previous classifications, highlighting the need for a revision of the green ashes and other taxa in subgenus Eucalyptus. As with many eucalypts, relationships in the green ashes have been defined on the basis of quantitative characters such as leaf length, leaf width, fruit size and bud size, as well as geographic location. However, the results here suggest that some morphological traits may not necessarily be reflective of evolutionary relationships within and among taxa. Defining species boundaries on the basis of geographic location is likely to be equally problematic. A detailed population genomic study focussing on taxa from the Sydney region and GBMWHA is required to better understand patterns of gene flow, species boundaries and the evolutionary history of the group. 
